more evolutionary sequence conservation observed of these TFBS regions are located at the 5 termini of than expected and that these conserved sequence reprotein-coding genes while 36% lie within or immedigions are located distal from the well-annotated exons. 
on Cell website). An additional 3 of 3 p53 sites were centage of the total genome and because transcriptional regulatory proteins can function at long and variable confirmed using a different antibody, p53_DO1, which reacts with an N-terminal epitope (Supplemental Table  distances from transcriptional initiation sites.
To further explore properties of the transcriptome and S1 online). The TFBS detected with p53_DO1 strongly overlap those detected with the p53 full-length antibody to identify functional attributes of the noncoding transcripts, binding sites for a collection of transcription (20 of the 48 p53 TFBS were also detected with p53_DO1). These results provide direct experimental evfactors have been mapped along chromosomes 21 and 22 in an unbiased approach, as a means of identifying idence that very few of the identified TFBS are false positives. possible regulatory regions for a wide variety of cellular RNAs. Interestingly, only 22% of the transcription factor binding sites (TFBS) are located at the canonical 5Ј ter-
Properties of Transcription Factor Binding Sites mini of well-characterized protein-coding genes, while
For each TFBS, we examined the immunoprecipitated 36% lie within of immediately 3Ј to well-characterized DNA fragments for characteristics associated with trangenes and are significantly correlated with noncoding scriptional regulatory regions (proximity to CpG islands RNAs. A number of these noncoding RNAs are regulated and annotated 5Ј exons and the presence of known in response to retinoic acid stimulation, and coregulabinding motifs). A total of 43%, 24%, and 17% of the tion of overlapping pairs of protein-coding and noncodSp1, cMyc, and p53 TFBS, respectively, were within 1 ing RNAs occurs at a frequency significantly greater Kb of an annotated CpG island (Table 1A) , constituting than chance. These data point to evidence that protein approximately 5.5-, 3.1-, and 2.1-fold enrichment, recoding and noncoding genes have similar functional spectively, over what would be expected at random. attributes regarding (1) the existence of common tranEnrichment for location proximal to 5Ј exons was found scription factors in their promoter regions and (2) their for Sp1 and cMyc, but not for p53 (Table 1B) . Analyses ability to respond to environmental and developmental of the TFBS for the presence of known TF binding motifs conditions, which together suggest that that they may demonstrated substantial enrichment for all three TFs. be controlled by the same transcriptional regulatory maIn the case of p53, because of the almost complete chinery. These functional attributes argue against the lack of matches to the exact consensus and with the idea that these noncoding RNAs merely represent tranavailability of a weight matrix from an independent study scriptional noise, but instead suggest that they may imental data, preliminary evidence for the presence of that are located on the 3Ј end of the well-characterized gene appear to be located 5Ј of the overlapping novel novel transcripts was derived from chromosome 21 and 22 RNA maps (Kapranov et al., 2002) and from the pubtranscript, which suggests that these transcripts may be regulated by these factors and in precisely the same licly available EST data. Novel transcripts were verified using RT-PCR analyses in 9/11 regions and were found way as protein coding genes. Additional supporting evidence that these TFs may to have little coding capacity (less then 50 amino acids). Northern hybridization analysis of these isolated tranbe regulating antisense transcripts was found by relating them to full-length mRNAs and ESTs with confidently scripts with strand-specific oligonucleotides or riboprobes indicate that they are polyadenylated, in some assignable strandedness (determined from splicing and polyadenylation sites and signals). 1782 clusters of trancases spliced, and are present as single and multi-exon isoforms ranging in size from 800 bp to 9 Kb (Supplescripts were formed of well-oriented sequences from public databases aligning to chromosomes 21 or 22. mental Figure S3 on Cell website). Together with the strand-specific RT-PCR data, this suggests that several Among these clusters, there was a significant association (chi-square p value Ͻ 10 Ϫ15 ) between the property of them might also be antisense to known genes, such as, for example, EP300 ( Figures 2C and 2D Figure S3 ). In many of these cases, the TFBS and 22 genome tiling arrays during various stages of genes and also shows that such transcription of noncodof regulatory elements (tens of thousands), which aping genes is not a random and unguided response. A proaches the estimated number of annotated coding second interesting observation stemming from this regenes. This unexpected number of TFBS further highsult is that the locations of these polyadenylated coding lights the presence of the many as yet unannotated and noncoding transcripts are destined for the cytosol, genes. However, many of the TFBS are in accord with from which they were isolated. The models recently proexpectations in that we observed statistically significant posed by Carmichael (Carmichael, 2003) and others enrichment of these TFBS near 5Ј promoters of coding point to a nuclear location for the possible negative genes and CpG islands as well as enrichment of their regulatory functions of long antisense RNAs (i.e., nonexpected consensus sequence compared to random siRNAs and non-miRNAs).
chance. TFBS tend to cluster along the genome as might be expected of modular genetic control regions. For example, we observe a very strong overlap of cMyc and Discussion Sp1 binding regions, in accord with several characterized promoters with both cMyc and Sp1 sites.
Expected and Unexpected Locations
A second striking observation is that TFBS bound to of Transcription Factor Binding Sites classically defined promoter regions represent a clear in the Human Genome minority of genomic binding sites in living cells. Although An unbiased mapping of Sp1, cMyc, and p53 along huit is highly likely that the specific genomic profile of man chromosomes 21 and 22 has identified a surpristranscription factor binding will vary considerably ingly large number of transcription factor binding sites among different cell types, we believe that the transcrip-(TFBS) that are occupied in living cells (Figure 4) . These tion factors and cells used in the experiments here are TFBS were identified using a stringent p value threshold, representative. Thus, we strongly suspect that the reand direct verification experiments indicate that few of sults we have obtained for p53, cMyc, and Sp1 will the identified sites are false positives and that the numgenerally apply to other transcription factors and other ber of true sites is likely to be higher. Strikingly, extrapocell types. These results emphasize the value of using lation of these results for only three transcription factors to the entire human genome provides a possible number tiled microarrays representing complete genomic re-Although the presence of a TFBS does not necessarily imply a direct effect of the transcription factor on the expression of the gene, it is striking that so many noncoding RNAs are associated with TFBS regions and that roughly comparable numbers of binding sites for a given factor are found at noncoding and protein-coding genes. While the contribution of individual binding sites to the transcription of the nearby gene will certainly vary from gene to gene, this issue is similar for both protein-coding and noncoding genes. Thus, it is difficult to imagine that hundreds of binding sites in the vicinity of the noncoding RNAs represent random and functionally meaningless occurrences. Furthermore, a significant number of noncoding transcripts are regulated by retinoic acid, and coregulation of overlapping noncoding and protein-coding genes occurs at a significantly higher frequency than expected by chance. Such coregulation of overlapping genes was unexpected, and it seems very unlikely that it represents transcriptional noise.
Our analysis was limited to a set of three transcription Positions of the TFBS detected for p53, Sp1, and cMyc along chromosomes 21 and 22. The track labeled "known genes" depicts 5Ј ends of genes from the "known genes" track on the UCSC genome browser and is based on SWISS-PROT, TrEMBL, GenBank mRNA, and RefSeq annotations. The "internal/3Ј TFBS" track presents the locations of the TFBS located within or 3Ј to annotated genes, as reported in Table 2  and Supplemental Table S2 (PM, MM) intensity pairs were eluted from the beads by heating for 15 min at 65ЊC in 25 mM Trismapped to the genome using exact 25-mer matching. For each Cl (pH 7.5), 10 mM EDTA, 0.5% SDS. To reverse the crosslinks, genomic position to which a probe pair mapped, a data set was samples were incubated with 1.5 g/ml Pronase at 42ЊC for 2 hr generated consisting of all (PM, MM) pairs mapping within a window followed by 65ЊC for 5 hr. The samples were then extracted with of Ϯ500 bp. A Wilcoxon Rank Sum test was applied to the transforphenol chloroform isoamyl alcohol followed by chloroform, ethanol mation log2(max(PM-MM,1)) for data from the six treatment and six precipitated in the presence of glycogen, and resuspended in TE control arrays within the local data set, testing the null hypothesis buffer. The resulting precipitated DNA was amplified and hybridized of equality of the two population distribution functions against the to the chromosome 21 and 22 arrays.
alternative of a positive difference in location between the probability distribution of the treatment and that of the control. The Wilcoxon Quantitative PCR Verification test was applied in a sliding window across the genome. Genomic of Array-Detected Binding Sites positions belonging to TFBS were defined by applying a p value Quantitative real-time PCR experiments were performed using the cutoff of 10 Ϫ5 , resultant positions separated by Ͻ500 bp were Applied Biosystems 7700 sequence detector based on SYBR Green merged to form a predicted TFBS. Predicted TFBS were produced I fluorescence. Reactions were carried out in 10 l using SYBR by this method for each TF against each of the controls (skipping green PCR master mix according to the manufacturer's protocol. the immunoprecipitation step and using an antibody to GST), the Cycling was for 10 min at 95ЊC, followed by 40 cycles of 95ЊC, resulting two sets of predicted TFBS were merged together to form 30 s, 60ЊC, 45 s, 72ЊC, 45 s. The fold-enrichment value for each a nonredundant set of TFBS. All data are accessible at http:// transcription factor bound to a particular region of DNA was estitranscriptome.affymetrix.com/publication/tfbs. mated as Vϩ/VϪ. Vϩ was calculated by subtracting the cycle threshold (Ct; defined as the cycle at which the fluorescence signal is 
